Removal of Pb (II) ions from water was carried out by a coupling approach of adsorption and photoelectrodeposition over a porous TiO 2 photocatalyst loaded with MnO 2 . The addition of MnO 2 onto the porous TiO 2 accelerated the photocatalytic oxidation of Pb (II) ions, which was caused by a strong interaction between MnO 2 and Pb (II) ions. Since the same effect was not observed on the photocatalytic degradation of methylene blue over MnO 2 /TiO 2 photocatalysts, the photoelectrodeposition reaction rate appears to be determined by the amount of Pb (II) ions adsorbed on the surface of porous TiO 2 loaded with MnO 2 .
INTRODUCTION
Lead is one of the poisonous heavy metals released from various industrial processes, such as mining and processing plants. Because the toxicity causes serious damage to human body as well as environment, the technology of Pb (II) ion removal from wastewater is urgently required in accordance with more and more stringent environmental regulations in each country. Commonly, many effective techniques have been proposed for heavy metal ion removal from water, such as chemical precipitations using hydroxide, sulfide and chelating agents; ion exchange processes; and adsorption [1, 2] . Among them, adsorption seems to be the most attractive approach due to its recovery merit and easy handling. However, it is difficult to remove the total ions by sole adsorption due to an accompanying desorption process. In order to compensate for the drawback, subsequent photoelectrodeposition of adsorbed Pb (II) ions has been attempted by TiO 2 -photocatalytic oxidation [3, 4] or reduction [5] [6] [7] [8] [9] . According to thermodynamic constraints, photocatalytic reduction of Pb (II) ions is a minor route and requires a hole scavenger for the reaction to proceed, whereas Pb (II) ions are mainly oxidized to PbO 2 by TiO 2 -photocatalysis under O 2 or O 3 [3, 4] . Chen and Ray [3] reported that a P25 TiO 2 (Degussa) shows a higher oxidative removal than Hombikat UV 100 under ultraviolet (UV) light irradiation. In addition, Murruni et al. [4] reported that addition of platinum on P25 further improves the photocatalytic activity.
The objective of this study is to develop a TiO 2 photocatalyst possessing a high removal capacity of Pb (II) ions from water by a coupling method of adsorption and photoelectrodeposition. Improvement in the adsorption capacity is attempted by synthesizing high surface area of TiO 2 photocatalysts and adding MnO 2 particles on them. According to Pb (II) ion adsorption mechanism on TiO 2 reported by Yang and Zhang [10] , the main driving force is electrostatic interaction between the ion and hydroxyl groups on TiO 2 surface about 5 sites per nm 2 . The adsorption capacity improvement is expected by increasing the site number by preparing porous TiO 2 . For further improvement of the adsorption capacity, MnO 2 is then loaded on the porous sample. Actually, MnO 2 itself has a strong interaction with Pb (II) ions, and the superior performance as adsorbents or additives has already been reported by some studies [11] [12] [13] . However, it has also been reported that MnO 2 addition to TiO 2 induces less UV light absorption of TiO 2 [14, 15] . Thus, the influence of MnO 2 addition on Pb (II) ion removal by coupling adsorption and photocatalysis was discussed.
MATERIALS AND METHODS

Sample preparation
Porous TiO 2 was prepared by soft-templating method, following a procedure similar to that reported by Kobayashi et al. [16] . The flow chart is shown in Fig. 1 . Approximately 1.0 g (EO) 20 (PO) 70 (EO) 20 triblock copolymer (Pluronic P123 from BASF, Ludwigshafen, Germany) was dissolved in 10.0 ml of 99.5% ethanol (Wako Pure Chemical Industries, Osaka, Japan), and the solution was magnetically stirred for 4 hours. After that, an appropriate amount of 97% titanium (IV) isopropoxide (Sigma-Aldrich, St. Louis, USA) was dissolved in the solution with the addition of 1.6 mL 60% nitric acid (Wako Pure Chemical Industries, Osaka, Japan), and the solution was stirred for another 5 hours. After 2-day drying in an oven at 80°C, obtained precursor was again heated at increasing temperature rate of 1°C/min to 400°C and then kept at 400°C for 4 hours. The final product was denoted as m-TiO 2 .
For MnO 2 loading m-TiO 2 photocatalysts, manganese species were loaded by impregnation method. Prepared titanium oxide (m-TiO 2 ) was impregnated in ethanol solution of Mn (NO 3 ) 2 ·6H 2 O (Wako Pure Chemical Industries, Osaka, Japan). Added amounts of the nitrate were adjusted according to MnO 2 weight percentage of 20 − 70% in the final products. After evaporation of ethanol, the precursor was calcinated at 400°C for 3 hours.
For comparison, TiO 2 (JRC-TIO-4 (2), supplied by Japan Reference Catalyst Society) was used in activity tests, which is actually identical to Degussa P25 commonly used as the standard photocatalyst.
Activity test
Experiments for lead ion removal were carried out under two different UV light sources: weak scattered UV light in Exp. (1) and high-power spot UV light in Exp. (2) . The former was selected to evaluate the removal capacity in view of the actual applicable condition, while the latter was used to confirm the substantial capacity for a short period. Chosen Pb (II) ion concentration was over the range of 100 − 1000 ppm in order to evaluate the removal capacity of prepared catalysts under high concentration Pb (II) ion solution. All experiments were performed in closed test tubes or cells in air at room temperature (23 ± 3°C).
In Exp. (1), two 6W UV lamps (UVL-56 Handheld UV lump, 2 μW/cm 2 each, wavelength 365 nm, UVP LLC) without filters were placed 4 cm away from both sides of the test tube containing 0.1 g catalyst and 20 mL solution stirred at room temperature for 6 or 48 hours. Regularly used solution of 500 ppm Pb (II) ions was prepared by dissolving Pb (NO 3 ) 2 (Wako Pure Chemical Industries, Osaka, Japan) in ion-exchange water. The pH value of solution was 4.9. After the experiments, the suspension was centrifuged at 15,000 rpm for 1 hour to separate solid and liquid. The resulting supernatant was used for the measurement of concentration of remaining ions by an inductively coupled plasma atomic emission spectroscopy (ICP-AES, PS7800, Hitachi) to examine the removal amount of lead ion in the solution. Experimental errors were calculated by conducting some experiments there times. Obtained coefficient of variation (CV) was 0.7 − 0.9% which indicated a good repeatability of experiments, so each experimental data shown in the figures was taken without repeated experiments.
In Exp. SHIMADZU). Detailed experimental procedures were described in the previous study [17] . In Exp. (2), the experimental errors were separately calculated by conducting each experiment in triplicate.
Experiments for photocatalytic degradation of methylene blue (MB) were carried out in a batch reactor. At first, 1 ml solution of 10 ppm MB (Wako Pure Chemical Industries, Osaka, Japan) and 5 mg sample powder were put together in a glass test tube, and then a UV LED lamp (NSPU510CS, NICHIA Corporation, 75 mW, wavelength 375 nm) was placed 5 cm away from the solution surface to irradiate UV light to the suspension for 20 minutes. Each solution was then centrifuged at 15,000 rpm for 10 minutes for solid-liquid separation. Finally, the remaining MB amount in each filtrate was examined by a UV-Vis spectrophotometer (U0080D, HITACHI). The experimental errors were separately calculated by conducting each experiment in triplicate.
Sample characterization
Phase identification was made with an X-ray diffractometer (XRD, D8ADVANCE, Bruker AXS) operated at 40 kV and 40 mA using monochoromated Cu-Ka radiation. Diffraction intensities were recorded from 20° to 80° at the rate of 2.000°/min with 0.020° step. Brunauer-Emmett-Teller (BET) surface area of the porous sample was measured by nitrogen adsorption experiments (Flowsorb III, Shimadzu Corporation). After the heat pretreatment of sample at 120°C for 30 minutes under the flow of 30% N 2 /70% Ar mixture, adsorbed amount of nitrogen on the sample was measured at liquid nitrogen temperature. Morphology observation and surface elemental analysis of the samples used for the adsorption experiment were performed with a field emission scanning electron microscope and energy dispersive X-ray (FE-SEM/EDX, SU8000, Hitachi). Figure 2 (a) indicates the XRD pattern of m-TiO 2 prepared, where clear peaks were observed corresponding to anatase phase. In order to identify the loaded manganese species, XRD patterns were measured of several m-TiO 2 loaded with ~40wt% manganese species in the form of MnO 2 , where no specific peaks were observed except anatase TiO 2 ( Fig. 2  (b) ). However, main peaks ascribable to MnO 2 were finally visible at 37.3° and 56.6° in a sample with an excess loading of 70wt% as shown in Fig. 2 (c) . Since XRD cannot detect the crystal structure of too small particles dispersed within samples, the results suggested that the particle size of MnO 2 existed on m-TiO 2 surface could be < 5 nm in the case of loading of less than or equal to 40wt% MnO 2 /m-TiO 2 .
RESULTS AND DISCUSSION
Adsorption experiments were conducted without UV light irradiation at room temperature. As shown in Fig. 3 , adsorption equilibrium was quickly achieved within 10 minutes in each experiment. Figure 4 (a) shows adsorption isotherms of Pb (II) ions measured at room temperature. Since it is reported that Pb (II) ions primarily adsorb on hydroxyl groups of TiO 2 surface [10] , solution pH significantly affects the adsorption amounts. In our experiments, in order to correctly evaluate each adsorption capacity, final pH values of solution were measured as indicated in Fig. 4 (b) and it was confirmed that the differences were negligible for the comparison. Langmuir parameters were then taken by curvefitting of the model equation shown in equation (1) [18] , and the parameters and BET surface areas are summarized in Table 1 .
where C [mg/g] is the amount adsorbed, C max [mg/g] is the saturation amount, C eq [mg/g] is the equilibrium concentration of liquid phase and b [L/mg] is the affinity constant.
As clearly seen in Fig. 4 (a) , Langmuir model gave good correlation to the isotherms, which indicated that Pb (II) ion adsorption occurred on TiO 2 in accordance with Langmuir type adsorption where one adsorbate adsorbs on one specific site existing on adsorbent surface. Comparing the values of C max , adsorption capacity followed an order of 20wt% MnO 2 /m-TiO 2 > m-TiO 2 > P25. Taking the BET surface areas into consideration, the capacity difference between m-TiO 2 and P25 is probably derived from the difference of surface area that was indicating the adsorption site number on the surface. It is therefore indicated that the potential improvement in Pb (II) ion adsorption by TiO 2 could be achieved by fabricating high surface area TiO 2 . As for MnO 2 -loaded sample, the addition of MnO 2 further improved the adsorption capacity by approximately twice compared to the case of m-TiO 2 only, regardless of the decrease in the BET surface area. Since Mckenzie [11] has reported that manganese dioxides give 40 times as high capacity of Pb (II) ion adsorption as iron oxides, it was suggested that MnO 2 particles themselves had a strong interaction with Pb (II) ions in water.
Experiments of UV light irradiation were performed in order to examine the photocatalytic removal of Pb (II) ions. Figure 5 shows the photocatalytic removal with two different UV light sources. In both Exp. (1) and Exp. (2) conditions, extra Pb (II) ions were removed by irradiating UV light for any samples of 20wt% MnO 2 /m-TiO 2 , m-TiO 2 and P25. After the UV light irradiation experiments, the color of TiO 2 suspension changed from white to brown. The morphology change of MnO 2 /m-TiO 2 catalyst before and after the UV light irradiation experiment was examined by SEM (Fig. 6) . From the EDX analysis, the existence of Pb species on catalyst surface was confirmed after the reaction, but distinct morphology change of the sample was not observed. In addition, other than anatase, no corresponding peaks were observed in XRD measurements (not shown here). Therefore, it was speculated that Pb species could disperse on surface as microscopic form. According to the report by Murruni et al. [4] , photocatalytic oxidation of Pb (II) ions into PbO 2 or PbO 1.37 was verified in the experiments with TiO 2 (P25) under O 3 and Pt-loaded TiO 2 under O 2 or O 3 . Chen and Ray [3] proposed the mechanism of photocatalytic removal of Pb (II) ions from water in accordance with equations (2) and (3). The valence band holes (h + ) were produced on TiO 2 surface by irradiating UV light on it, and the holes effectively worked to oxidize Pb (II) ions previously adsorbed on the surface. It is therefore implied in this study that extra Pb (II) ions were removed probably due to the photocatalytic oxidation into lead oxides. The deposition of lead oxides is an irreversible reaction that is not restricted by chemical equilibrium, so that the Pb (II) ion removal under UV light irradiation has more advantages than that of adsorption alone. In terms of recycling the photocatalyst, since the lead oxides are easily dissolved by weak acid solution, such as acetic acid, deposited lead oxides can be removed from the used catalyst after the acid treatment. Figure 7 indicates the reaction rates of photocatalytic oxidation of Pb (II) ions per unit surface area, which were estimated by subtracting adsorbed amounts from total removed amounts under 6-hour UV light irradiation in Exp. (1) condition. Since the rate of photocatalytic oxidation linearly increased in accordance with the increase of MnO 2 loading, up to 20wt%, it was suggested that MnO 2 addition was effective for the rate improvement of photocatalytic oxidation. In the case of more than 20wt% MnO 2 loading, the rate became slower than the rate of 20wt% MnO 2 /m-TiO 2 photocatalyst. This is probably because a number of photocatalytic active sites that were physically covered by excess MnO 2 particles occupied the TiO 2 surface to be deactivated.
In order to examine the photocatalytic activity of MnO 2 /mTiO 2 , MB degradation experiments were then carried out under UV light irradiation. Figure 8 shows the results of activity tests with 20wt% MnO 2 -loaded/unloaded m-TiO 2 photocatalysts. As a result, MnO 2 /m-TiO 2 gave less removal amount of MB mainly due to the decrease in adsorption capacity of TiO 2 , but it should be noted here that the extra removal by photocatalysis of MnO 2 /m-TiO 2 was almost the same or a little bit less than m-TiO 2 alone. This inhibition effect of MnO 2 on the photocatalytic activity of TiO 2 is also previously reported by Li et al. [14] . Thus, it can be concluded that MnO 2 actually did not improve the TiO 2 -photocatalysis, or possibly deactivated it.
Considering the results discussed above, Pb (II) ion removal under UV light irradiation seems to proceed over MnO 2 /m-TiO 2 according to the two processes of adsorption and subsequent photocatalytic oxidation as shown in Fig. 9 . Adsorption capacity of TiO 2 was improved by adding MnO 2 particles on it as well as synthesizing high surface area TiO 2 by a P123-templating method (Fig. 4) . Added MnO 2 worked to attract Pb ions onto the TiO 2 surface more closely and some adsorbed Pb (II) ions that were approachable to UV light could undergo the subsequent photocatalytic oxidation more smoothly (Figs. 5 and 7) . As a result, a faster rate of reaction was given to show extra removal amount of Pb (II) ions. Thus, it is concluded that adsorbed amount of Pb (II) 
CONCLUSIONS
Removal of Pb (II) ions from water was performed by the coupling method of adsorption and photocatalysis over porous TiO 2 loaded with MnO 2 . Regardless of the decrease in BET surface area, addition of MnO 2 on porous TiO 2 improved the adsorption capacity, resulting from the strong interaction between MnO 2 and Pb (II) ions. The addition of MnO 2 further promoted the reaction rate of photocatalytic oxidation of adsorbed Pb (II) ions. Since photocatalytic degradation of methylene blue was not improved by MnO 2 addition, it was suggested that MnO 2 substantially did not improve the TiO 2 -photocatalysis and only functioned to attract Pb (II) ions more closely to TiO 2 surface. In such situation, much Pb (II) ions might adsorb on TiO 2 more tightly, and it was suggested that the adsorbed amount could determine the reaction rate of the subsequent photoelectrodeposition. 
